The mechanism of homologous recombination has been studied previously in brome mosaic virus (BMV), a tricomponent, positive-stranded RNA virus of plants, by using artificial sequences (reviewed by J. J. Bujarski and P. D. Nagy (1996). Semin. Virol. 7,[363][364][365][366][367][368][369][370][371][372]. Here we extend these studies over BMV-derived sequences to obtain clues on prediction of homologous recombination hot spots. First, mismatch mutations, which reduced the AU content, were introduced into the common 60-nt recombination hot-spot sequence, either in the RNA2 or in both RNA2 and RNA3 components. This decreased the frequency of targeted homologous RNA2/RNA3 recombination and changed the distribution of junction sites. Second, several short BMV RNA1-or RNA2-derived sequences were introduced into the RNA3 component, and homologous recombination activity of these sequences was compared with that observed for previously characterized artificial sequences. Third, sequences at homologous recombinant junctions were compared among a large number of targeted and nontargeted recombinants. All these studies revealed several factors important for homologous recombination including the length of sequence identity, the extent of sequence identity, the AU content of the common sequences, the relative position of the AU-rich segment vs a GC-rich segment, and the presence of GC-rich sequences. Based on this novel model, we suggest that recombination hot spots can be predicted by means of RNA sequence analysis. In addition, we show that recombination can occur between positive and negative strands of BMV RNAs. This provides further clues toward the mechanism of recombination processes in BMV.
INTRODUCTION
RNA replication and recombination are being studied extensively with brome mosaic virus (BMV), one of the best characterized systems in RNA viruses (Ahlquist, 1992; Bujarski and Nagy, 1996) . BMV is a tripartite positive-stranded RNA virus infecting mainly monocotyledonous plants. RNA1 and RNA2 code for 1a and 2a replicase proteins, respectively (Ahlquist, 1992) . RNA3 codes for 3a (movement) and the coat proteins. RNA-RNA recombination studies with BMV revealed two types of RNA recombination mechanisms: homologous and nonhomologous recombination Nagy and Simon, 1997) . Homologous recombination requires 15-to 60-nt-long sequences that are common (present) in the recombining parental RNAs . By testing artificial sequences we found that common regions with average or higher GC content followed by downstream AU-rich regions supported the highest frequencies of homologous crossovers . Reverse arrangements of GC-and AU-rich sequences reduced the frequencies of homologous re-combination (Nagy and Bujarski, 1998) . A proposed template-switching recombination model Bujarski, 1997, 1998) predicts that the BMV replicase pauses (stalls) at the AU-rich sequence while copying the negative strand of RNA3 and switches onto the acceptor template. The possible role for the less AU-rich (GC-rich or average AU/GC content) upstream common regions would be to facilitate (stabilize) the hybridization of the nascent RNA with the complementary region in the acceptor RNA Bujarski, 1997, 1998) .
While most of the homologous recombination events were precise (regenerating sequences identical to the parental sequences; Bujarski, 1992, 1995; Rao and Hall, 1993) , some of the identified homologous recombinants contained sequence duplications, deletions, nucleotide substitutions, nontemplated nucleotides, or short foreign sequences in the crossover regions Bujarski, 1995, 1996) . The postulated mechanism assumes that the imprecise homologous recombinants may result from misannealing between the nascent strand and the acceptor RNA and the addition of nontemplated nucleotides by the BMV replicase.
In addition to BMV, homologous recombination has been demonstrated for picornaviruses (Kirkegaard and Baltimore, 1986; Romanova et al., 1986; King, 1988; Jarvis and Kirkegaard, 1992) , alpha-viruses (Raju et al., 1995) , retroviruses (Pathak and Hu, 1997) , and coronaviruses (Makino et al., 1987; Koetzner et al., 1992; van der Most et al., 1992) ; cowpea chlorotic mottle bromovirus (Allison et al., 1990) ; tombusviruses (White and Morris, 1995) ; and bacteriophages (Palasingam and Shaklee, 1992) .
Nonhomologous recombinants were observed ϳ10fold less frequently with BMV than homologous recombinants (Nagy and Bujarski, 1992) . This could be increased by inserting complementary sequences between BMV RNAs (Nagy and Bujarski, 1993; . The nonhomologous crossover sites were clustered within or in the close vicinity of local complementary sequences present in the parental RNA1 and RNA3 templates, and the incidence of recombination was influenced by the stability of the RNA1/RNA3 heteroduplexes (Nagy and Bujarski, 1993) . A proposed template switching model postulates that the replicase pauses within the heteroduplex and changes templates because of the difficulties in duplex unwinding (Nagy and Bujarski, 1993; Bujarski and Nagy, 1996) . This was confirmed by effects of mutations in the helicase-like 1a and the polymerase 2a proteins that influenced recombination characteristics Figlerowicz et al., 1997) .
In addition to BMV, the role of heteroduplex in nonhomologous recombination was demonstrated for broad bean mottle bromovirus (Pogany et al., 1995; J. Pogany and J. J. Bujarski, unpublished data) and for tombusviruses (White and Morris, 1995; Havelda et al., 1997) .
Characterization of the sequence requirements of homologous recombination in BMV has been carried out mostly with artificial sequences Bujarski, 1996-1998) . In this paper, we test the sequence requirement(s) of homologous recombination using BMV-derived sequences to confirm the general nature of our previous findings. We demonstrate that recombination hot spots can be predicted based on sequence analysis of the parental RNAs. Such factors as the length of sequence identity, the extent of sequence identity, the AU content of the common sequences, the relative position of the AU-rich segment vs a GC-rich segment, and the presence of GC-rich sequences can influence homologous recombination. We term the sequences that support homologous recombination as homologous recombination activators. In addition, characterization of a large number of targeted and nontargeted (mostly RNA1/ RNA3) recombinants supports our previous findings of the existence of two recombination pathways in BMV: homologous recombination and nonhomologous recombination. Finally we demonstrate that recombination can occur between positive and negative strands of BMV RNAs; this suggests that the crossovers can occur during either stages (plus or minus strand) of BMV RNA synthesis. The importance of our results lies in providing structural criteria toward prediction of recombinationally active sequences in RNA viruses.
RESULTS

Homologous recombination system
Previous testing of in vivo recombination activity of 3Ј-terminal sequences in BMV revealed a short sequence located between positions 160 and 219 from the 3Ј end (designated as region R; Fig. 1 ) that was active in homologous recombination between RNA2 and RNA3 . The activity of region R was analyzed by using mutated region R in the RNA3 component . In this work, we have introduced two series of mutations into the region R in the RNA2 component to further characterize its role in homologous recombination. DIC-series of RNA2 ( Fig. 1 ) contain the 3Ј terminal 236 nt from wt RNA1 replacing the 3Ј terminal 159 nt of wt RNA2. This modification resulted in the separation of the RNA2-derived region R from the minus-strand initiation promoter (i.e., the 3Ј terminal 134 nt; Ahlquist, 1992) ; N2-series of RNA2 contain wt RNA2 sequences closer to the 3Ј terminus ( Fig. 1 ). Both DICand N2-series RNA2s tolerate extensive modifications within upstream portions of the 3Ј noncoding region Bujarski, 1996-1998) , which makes DIC and N2 RNA2s suitable vectors for recombination studies. This is because the isolation of numerous recombinants with highly variable junctions in the target region likely reflects the frequency of their generation Bujarski, 1996-1998) . The in vitro transcribed DIC-or N2-series of RNA2s were used in combination with in vitro transcribed wt RNA1 and PN-H26 RNA3 (Fig. 1 ) to inoculate leaves of Chenopodium quinoa, a local lesion host of BMV. PN-H26 RNA3 contains an extended 3Ј noncoding region that also includes the 60-nt region R separated from the 3Ј terminal promoter region (region A; Fig. 1 ). This facilitates the isolation of RNA3 recombinants from local lesions by reducing the fitness of the parental PN-H26 RNA3 .
Effect of mutations in region R of RNA2 on homologous recombination with RNA3
The H26 constructs (both the RNA2 and RNA3 derivatives) contain the wt region R, while H39, H4, and H6 constructs, respectively, carry two, two, and five mismatch mutations ( Figs. 2A-2D ). When C. quinoa plants were co-inoculated with wt RNA1 (this component was used in all experiments, but for simplicity, it will not be mentioned below), one of the RNA2 constructs (DIC-H39 or DIC-H4), plus PN-H26 RNA3, the incidence of homologous recombination (measured as the percentage of local lesions that contained recombinant RNA3) was 66 and 67%. This level of recombination incidence is similar to that obtained with nonmodified region R (72%; obtained with the combination DIC-H26 RNA2/PN-H26 RNA3; Fig. 2A ). The sites of recombination junctions occurred within the entire region R during infection with DIC-H39 RNA2, while those obtained with DIC-H4 RNA2 were localized in the central and the 5Ј portions of region R (Figs. 2B-2C). Co-inoculation of an RNA2 derivative containing five mismatch mutations together with PN-H26 RNA3 (DIC-H6 RNA2/PN-H26 RNA3 infection) resulted in reduced incidence of homologous recombination (28%; Fig. 2D ). The junction sites were shifted toward the 3Ј portion of region R. Although the incidence of homologous recombination was slightly higher when N2 RNA2 series was substituted with DIC RNA2 series, the distribution of junction sites was very similar between the two different RNA2 vectors (compare the left and right panels in Figs. 2A-2D ). Also the trend showing decreased incidence of homologous recombination when the number of mismatch substitutions was increased was very similar in both series of experiments. These observations demonstrated that mismatch mutations when present in region R in RNA2 can influence both the incidence of the crossover events and their sites. Since the two RNA2 series gave similar results, only the DIC-series of RNA2 were included in further experiments.
Effect of compensatory mutations in region R of RNA2 and RNA3 on homologous recombination
In previous experiments, the mutated region R was present in either RNA2 (present work) or RNA3 , while the other component carried the wt region R. To reduce the effects of differences in sequences of region R between RNA2 and RNA3 com-ponents in further experiments, we used combinations of RNA2 and RNA3 constructs that carried the same mutations.
When combinations of DIC-H39 RNA2/PN-H39 RNA3 and DIC-H4 RNA2/PN-H4 RNA3, each containing two nucleotide substitutions, respectively, were used for inoculations, the incidence of homologous recombination was only slightly lower (67 and 61%; Figs. 3A and 3B) as compared to the wt region R (72% for DIC-H26 RNA2/PN-H26 RNA3; Fig. 2A ) (more than a 20% difference in recombination frequency was considered significant during this work, based on statistical analysis; Nagy and Bujarski, 1997) . Distribution of crossover sites was also similar as most of the junctions occurred downstream of common marker mutation 206 (depicted in Fig. 1 ). In contrast a sharp decrease in homologous recombination incidence (down to 6%) was observed for infections with constructs having five nucleotide substitutions in DIC-H6 RNA2 and in PN-H6 RNA3 (Fig. 3C) ; the crossover sites were shifted upstream of the 206 marker mutation. This demonstrates that restoring the sequence identity in region R by five corresponding mutations did not restore the wt level of the recombination incidence (infection DIC-H26 RNA2/PN-H26 RNA3). In fact the presence of five identical mutations in both RNAs decreased the incidence of homologous recombination more than for combinations of RNA2 and RNA3 constructs with one mutagenized and one wt region R sequences. This supports our previous observations that the length and extent of sequence similarity are not the only factors influ-FIG. 1. Schematic representation of the 3Ј-noncoding regions of wt BMV RNA 1, N2, and DIC RNA2s and PN RNA3 constructs used for analysis of homologous recombination. PN-H26 RNA3 contains a ϳ1250-nt-long, chimeric 3Ј noncoding region with four segments (regions A-D, see Nagy and Bujarski, 1996 for details). Regions A and B are the tRNA-like sequences with m4 deletions (shown by small boxes), region C is a 3Ј sequence from cowpea chlorotic mottle virus, and region D is the upstream, unmodified portion of the 3Ј noncoding region of wt RNA3. The extended 3Ј noncoding region in the parental RNA3 serves to facilitate recombinant RNA3 isolation. PN-H26 RNA3 also contains a 60-nt-long sequence (marked as region R, positions 160-219 in wt RNA3, counted from the 3Ј end) that is identical to a corresponding region of N2-H26 and DIC-H26 RNA2s (enclosed between dotted lines) except for marker mutations. The 3Ј 236-nt region of DIC-H26 RNA2 is derived from wt RNA1. The locations of the restriction sites are indicated, while oligonucleotide primers used for PCR are shown by short horizontal, numbered arrows. encing the characteristics of homologous recombination .
Effect of total number of mismatch mutations in RNA2 and RNA3 on homologous recombination
Previous and the above data demonstrate that three to five identical nucleotide substitutions in region R of both RNA2 and RNA3 compo-nents can affect homologous recombination characteristics. To test how the presence of different mismatch mutations in region R can influence homologous recombination, we used combinations of different RNA2 and RNA3 mutants (Fig. 4) .
The level of homologous recombination frequency was 78% in infections with DIC-H39 RNA2/PN-H4 RNA3 (different single mismatches), which was comparable to FIG. 2. A diagram summarizing the locations of crossover sites and the marker nucleotides within the region R in the homologous RNA2/RNA3 recombinants isolated from infections with wt RNA1, DIC RNA2, and PN RNA3 constructs (as shown). The homologous RNA2 and RNA3 plus-sense sequences are shown in top and bottom lines, respectively. Capital letters depict the homologous region R. Marker mutations within or adjacent to region R in RNA2 and RNA3 are indicated by asterisks. Each recombinant contains 3Ј terminal sequences derived from RNA2 on the right side and 5Ј sequences from RNA3 on the left side (as shown schematically in Fig. 1 ). The incidence of each RNA3 recombinant is shown by numbers on the right of the arrows. Each entry represents an RNA2/RNA3 recombinant isolated from a separate local lesion. Each leftward pointing arrowhead denotes the last nucleotide derived from RNA2, and each rightward pointing arrowhead denotes the first nucleotide derived from RNA3. Dashed lines show ambiguous regions that could be derived from either RNA2 or RNA3 in the precise homologous recombinants. Gaps between opposing arrowheads show deleted nucleotides, whereas sequence insertions are represented by open triangles. Nontemplated nucleotides and nucleotide substitutions generated during the crossover events are shown by lowercase letters between the arrows. The nucleotide sequences in the imprecise recombinants that contained ambiguous crossovers were arbitrarily assigned to the upstream junction. The incidence of individual RNA3 recombinants and the total number of samples from separate local lesions are shown on the right. The frequency of homologous recombination was determined based upon sequencing of a representative number of cloned recombinant RNA3s; 100% represents the total number of recombinants isolated (homologous and nontargeted recombinants combined).
that observed with DIC-H39 RNA2/PN-H26 RNA3 and with DIC-H26 RNA2/PN-H26 RNA3, carrying two and no nucleotide substitutions, respectively, in region R (Figs. 2A and 2B). However, the junction sites of recombinants resulting from DIC-H39 RNA2/PN-H4 RNA3 infection were located more toward the 5Ј portion of region R. Thus the presence of a total of four (two separate muta-tions in each RNA) mismatches in region R of RNA2 and RNA3 did not affect the overall incidence of homologous recombination.
Profiles of recombinants obtained during infection with DIC-H39 RNA2 and PN-H2 RNA3 (carrying two and three separate mismatch mutations, respectively, in region R) were compared with those observed during infection Apparently the characteristics of homologous recombination were determined mainly by the RNA that carried the three mismatch mutations (i.e., PN-H2 RNA3). The above data suggest that there is no additive effect between mutations located in separate RNAs.
Inoculations with mixed RNA3s result in mixed progeny RNA3s
It is possible that the various homologous RNA2/RNA3 recombinants containing different number of mismatch mutations within region R have different levels of fitness and thus accumulate due to postrecombination selection processes. To test the role of selection, the infection was started by using a pool of RNA3 transcripts representing possible recombinant RNA3s that carried DIC-RNA2-derived sequences at the 3Ј end ( Fig. 5 ). Selection for fitter RNA3 progeny should result in RNA3s with no or only a few mutations in region R and local lesions should accumulate RNA3 progeny with various number of mutations.
DNA templates were constructed by PCR using a primer with degenerate [either A(U) or C(G)] nucleotides at several positions (Fig. 5 ). Since clonal selection in Escherichia coli was not used before plasmid purification, a large pool (theoretically 2 8 ) of variants were obtained that contained zero to eight mutations in region R. RNA3 transcripts were made and co-inoculated with wt RNA1 and DIC-H6 RNA2s onto leaves of C. quinoa. The reconstructed recombinant RNA3s containing the 3Ј end from DIC-RNA2 were shown before to accumulate to high levels in local lesions Bujarski, 1997, 1998) . The obtained progeny RNA3 variants were characterized by sequencing 18 cDNA clones, each derived from separate local lesions. Twelve clones represented RNA3s with one to five mutations at different positions within region R (Fig. 5 ). Only one local lesion (Sample 18) contained RNA3 carrying the wt region R. Another local lesion accumulated RNA3 with a single mutation and a 12-nt deletion in region R (Sample 6). An RNA3 with truncated region R was isolated from four local lesions (Samples 14-17; Fig. 5 ). The sequence of the latter RNA3s corresponded to the original cDNA used for their construction (PN-D; Nagy and Bujarski, 1996) . Thus due to the absence of clonal selection in E. coli, this sequence must have been present in the inoculum. Overall these data demonstrated that separate local lesions To test whether single local lesions can accumulate different RNA3s, five separate cDNA clones derived from a single local lesion were sequenced. Sample 18 (Fig. 5 ) was selected because it contained RNA3 with the wt region R (see above). Figure 5 shows that this particular local lesion accumulated three types of RNA3s. One type carried the wt region R (two cDNA clones, Samples 18 and 20); the second type contained two mismatch mutations (two cDNA clones, Samples 19 and 21), while the third RNA3 carried four mismatch mutations (one cDNA clone, Sample 22). The presence of three different RNA3s in one local lesion demonstrates that separate local lesions can accumulate mixtures of recombinant RNA3s. This suggests that these recombinant RNA3s have similar fitness in local lesions. Thus it supports a limited, if any, role for selection in recombinant RNA3 accumulation in the DIC-RNA2/PN-RNA3 system. We conclude that the profile of recombinants shown in Figs. 2-4 reflects the frequency of recombination rather than the different fitness levels.
Mapping sequences active in homologous recombination
To examine whether BMV-derived 3Ј sequences other than region R and the 3Ј terminal sequences (Bujarski and Kaesberg, 1986; Nagy and Bujarski, 1992) can support homologous recombination, we created local sequence identity between RNA3 and either wt RNA1 or RNA2 (Fig. 6) . The selected 3Ј regions of wt RNA1 or wt RNA2 were ligated separately into PN-0 RNA3 recombi-nation vector (Fig. 6 ). This targeting strategy was designed to allow for the generation of viable Bujarski, 1996-1998 and this work) homologous RNA3 recombinants without extensive 3Ј sequence duplications or deletions.
Co-inoculations (on C. quinoa) with wt RNA1, wt RNA2, and one of the RNA3 constructs revealed that two RNA2derived sequences, termed PN-SS (63 nt) and PN-SSa (35 nt) ( Fig. 6) , did not support homologous recombination. Also the RNA1-derived 76-nt sequence in PN-DS and 66-nt sequence in PN-2(ϩ) did not support homologous crossovers. In contrast, the RNA2-derived h2 sequence (49 nt sequence from the upstream portion of the 3Ј noncoding region) and the RNA1-derived 140-nt DX sequence induced homologous recombination in 50 and 29% of local lesions (Fig. 6) . These data support our previous findings with nonviral sequences that sequence similarity itself is not enough to facilitate homologous recombination in BMV Bujarski, 1996-1998) .
Characterization of nontargeted recombinants
In the above experiments with region R present in both RNA2 and RNA3 (Figs. 2-4) , most of the recombinant RNA3s had the junction sites within the targeted homologous region R. However, other nontargeted recombinants (also called background recombinants) accumulated with variable frequency (5-50%; data not shown). To analyze the nature of these recombinant RNA3s, we have determined the junction sites for 105 separate variants. Most of them had RNA1/RNA3 junctions (Fig. 7) . Eleven RNA1/RNA3 recombinants (not shown) had the junctions within region R in RNA3 and a homologous sequence in RNA1 (positions 160-193 with 73-88% similarity with the 3Ј portion of region R. depending on the sequence of the particular PN-RNA3 mutant). Similar RNA1/RNA3 recombinants have been characterized previously . Figures 7A-7C summarize other RNA1/ RNA3 background recombinants. Nine of them had the crossovers within an 11-nt sequence identical in RNA1 and RNA3 (shown as box-1 in RNA1 and region H in RNA3 in Fig. 7A ), whereas 31 nontargeted recombinants had the junction sites immediately downstream of the box-1 sequence in RNA1. This region (indicated as box-2 and region RЈ in RNA1 and RNA3, respectively, Fig. 7B ) is 23 nt long and moderately similar (with 64% similarity). The crossovers within the box-2 and region RЈ sequences were imprecise, resulting in deletions or duplications at the junction sites. In addition, one recombinant contained two nontemplated U residues and another one had nucleotide substitutions (G to U and AA to UU, respectively) at the junction sites, which are relatively AU rich (75% AU content in RNA3 and 55% in RNA1).
The remaining RNA1/RNA3 recombinants had the junction sites in non corresponding (heterologous) positions in the two RNAs ( Fig. 7C and Table 1 ). Some of them, however, had ambiguous crossover sites because of the presence of 2-to 5-nt sequence identity at the junctions. Also some of these recombinants contained either mutations or nontemplated nucleotides at the crossover sites. Finally, a small fraction (12 of 105) of nontargeted recombinants had crossovers between nonsimilar regions of RNA2 and RNA3. Overall the isolation of these nontargeted recombinants demonstrated that recombinants with highly variable sequences and sizes can be generated in the BMV system.
In addition, ϳ20% of the nontargeted RNA1/RNA3 recombinants had m4 deletion (marker deletion, present in the 3Ј noncoding region A and region B in the PN constructs; Fig. 1 ) at the 3Ј end, suggesting that these molecules were generated by some type of rearrangements (e.g., internal deletion in PN-RNA3 between region A and region RЈ; Fig. 1 ).
Recombination between positive and negative strands
One recombinant RNA3 isolated during this work had two crossover sites (Fig. 8) . The 5Ј junction was at position 283 (as counted from the 3Ј end) in RNA3, while For each recombinant, the last nucleotide of RNA3 sequence preceding the recombination junction and the first nucleotide of RNA1 sequence following the recombination junction are connected by lines between the two RNA sequences. The thickness of each line is proportional to the number of independent local lesions that contained that particular recombinant; broken lines indicate crossovers that were identified once; thin solid lines depict crossovers occurring twice; and the thickest lines represent those identified in three local lesions. One crossover that was found in nine separate local lesions is indicated by an arrow with a number. Those crossovers containing nontemplated nucleotides are depicted by asterisks and the inserted nucleotides are shown. Box-1 and box-2 sequences in RNA1 are similar to regions H and RЈ in RNA3, respectively (see text for more explanation). the 3Ј junction corresponded to position 276 in wt RNA1. Moreover an additional 126-nt sequence was present between the 5Ј and 3Ј junctions. This insert was highly similar to a negative-stranded segment of wt RNA1 (positions 252-357), although it contained 16 mismatch nucleotides mainly on the 5Ј side ( Fig. 8) . Interestingly the negative-stranded RNA1-derived segment partially overlapped with the positive-stranded segment, making a 27-nt inverted repeat in the recombinant RNA3.
DISCUSSION
Several previous models of homologous recombination predicted an important role for sequence similarity of the parental RNAs. The crossovers were postulated to occur due to local RNA-RNA interactions between complementary sequences present in the nascent and the acceptor RNAs (King, 1988; Lai, 1992) . Later studies with the BMV system, however, predicted a more complex model , 1998 . Is has been revealed that common sequences with average or higher GC content followed by AU-rich sequences supported high frequencies of homologous crossovers . Other arrangements of these elements supported significantly lower levels of recombination Bujarski, 1997, 1998) .
To assess the possibility of predicting homologous recombination hot spots between RNA sequences, in this work we tested the homologous recombination activity of various BMV-derived sequences. The analysis of a large number of recombinants confirms the results obtained previously , 1998 with the sequences of nonviral origin. In particular, these studies reveal five different features that can influence homologous recombination: (i) the length of sequence identity (Ն15-nt common region can support efficient homologous crossovers; , (ii) the extent of sequence identity (the more similar sequences the higher recombination frequency; , (iii) the AU content of the common sequences (Ն61-65% AU content supports homologous crossovers more frequently; Nagy and Bujarski, 1997 and this work), (iv) the relative position of the AU-rich segment (the preference of downstream location of the AU- (Ahlquist et al., 1984) .
b Nontemplated nucleotides are boxed.
FIG. 8. Schematic representation of a recombinant RNA3 with double crossover sites. The positions of junction sites are shown (calculated from the 3Ј end of wt RNAs; Ahlquist et al., 1984) . The RNA3-derived region on the left represents positive-stranded sequences, and the RNA1-derived regions represent negative-and positive-stranded sequences (marked by arrows) in the middle and on the right, respectively. While the two positive-sense regions are identical to the corresponding sequences in the wt RNAs, the negative-sense region contains 16 mismatches, as shown at the bottom. Identical nucleotides between the recombinant RNA3 and wt RNA1 are shown with capital letters. The 27-nt inverted repeats are marked by arrows (see text for more details). rich sequence; Nagy and Bujarski, 1997) , and (v) the inhibitory effect of GC-rich sequences on upstream hotspot regions while present in the acceptor RNA (RNA1 or RNA2; Nagy and Bujarski, 1998) . We term sequences that fulfill all five requirements as homologous recombination activators.
Our model predicts that two BMV RNAs that contain similar homologous recombination activators will recombine, while those that lack these elements will not. The regions that previously have been found to support homologous recombination (Nagy and Bujarski, 1992; Rao and Hall, 1993 ; this work, shown in Fig. 9 ) all contain sequences with the above five characteristics. In fact the two most active regions [the 3Ј end of RNA2 (positions 6-75) and region R of RNA2 (positions 160-220)] each contain two homologous recombination activator-like sequences. This can explain the observed upstream shift of junction sites in region R, which contained downstream mutations (Figs. 2-4 and Nagy and Bujarski, 1995) .
It remains to be established whether the above features can constitute homologous recombination activators in other RNA viruses. It is important to know about such elements because this knowledge, besides further explaining the mechanisms of homologous RNA recombination, could have practical applications. For instance it should be helpful in designing more stable RNA virus expression systems and in designing recombinationally inactive viral constructs to be expressed in transgenic organisms.
A role for the AU-rich sequences is confirmed by the apparent different effect of mutations on homologous recombination observed in this work. For instance introduction of an AU-rich RNA2-derived sequence (an activator-like h2 sequence; Fig. 9 ) into the RNA3 vector facilitated the frequent generation of homologous recombinants (Fig. 6) . Also the reduction of the AU content in the targeted region R in RNA2 and RNA3 (through the A(U) to C(G) mutations), which '' weakened'' homologous recombination activators, decreased homologous recombination frequency to the highest extent when both RNAs contained five mismatch nucleotides. Another example can be found with an RNA1-derived region (DX; shown in Fig. 6 ) that contains an AU-stretch and a GCrich common region at the upstream position ( Fig. 9 ). This construct supports homologous recombination with 29% incidence. Deletion of four nucleotides close to the AU stretch in construct PN-DX⌬ or the deletion of the entire 5Ј portion of the DX sequence in construct PN-2(ϩ) further reduced homologous recombination frequency. In addition engineering sequence identity by using three different RNA1-or RNA2-derived sequences with Ͼ50% GC content (SSa, SS, and DS) did not give homologous recombinants with junctions in the targeted region.
FIG. 9. Schematic representation of homologous recombination hot spots found in wt RNA1 and RNA2 during this and previous work (Nagy and Bujarski, 1992) . (A) The 3Ј end of wt RNA1 and RNA2. Positions of the hot-spot regions are marked below. Black boxes represent regions in RNA1 and RNA2 that are also present in RNA3. Gray boxes show regions in RNA1 and RNA2 that were artificially inserted into RNA3 to create sequence similarity. (B) Sequences within the above hot-spot regions that resemble homologous recombination activators. Sequences with average or high GC content are shown in black boxes, while the AU-rich sequences are depicted in gray boxes.
The observed profiles of accumulating recombinants can be influenced by postrecombination selection (Nagy and Bujarski, 1992) . This was minimized in our system by targeting the sites of recombination in both parental RNAs into the inner portions of the 3Ј noncoding region. The lack of fitness differences among the RNA3 recombinants was experimentally demonstrated by observing in the local lesions the accumulation of recombinant RNA3 that contained different mutations at different positions within region R when a pool of parental RNA3s with alternative nucleotides was used as inoculum. Apparently accumulation of recombinant RNA3s with variable sequences within region R is permissible in this system. A similar conclusion has been drawn previously using artificial sequences that were inserted in similar positions Bujarski, 1997, 1998) .
Sequence analysis of crossover sites of nontargeted (mostly RNA1/RNA3) recombinants revealed that they had the junction sites at variable positions. The short regions (box1 and box2 sequences in RNA1 and region RЈ in RNA3; Fig. 7 ) that supported the nontargeted RNA1-RNA3 crossovers are similar in RNA1 and RNA3 and they contain moderately AU-rich (54-61%) sequences. We propose that the generation of background (nontargeted) recombinants may be facilitated by such AU-rich sequences. However, the observed incidence of homologous recombination in these regions is low. This may be due to the presence of rather short homology between RNA1 and RNA3 within the permissible crossover regions.
Some of the characterized nontargeted recombinants were nonhomologous in nature. They can arise due to sequence complementarity between positive strands of RNA1 and RNA3 (data not shown). The role of heteroduplexes in nonhomologous recombination of BMV was demonstrated previously (Nagy and Bujarski, 1993; Dzianott et al., 1995) . Alternatively it is possible that certain nonhomologous recombinants with the junction sites within the region RЈ are generated due to its AU-rich nature by the mechanism of homologous recombination (see above).
Isolation of a double-recombinant RNA3 with both positive-and negative-stranded RNA1 sequences suggests that the two strands can participate in recombination. Similar observation has been published for TCV (Carpenter and Simon, 1994) , suggesting that RNA recombination mechanism can use positive and negative RNA strands. Further studies are required to understand the mechanism involved in the generation of this type of recombinants in BMV.
MATERIALS AND METHODS
Materials
Plasmids pB1TP3, pB2TP5, and pB3TP7 (Janda et al., 1987) were used to synthesize in vitro-transcribed wt BMV RNA components 1, 2, and 3, respectively and to engineer modified RNA2 and RNA3 constructs (see below). Plasmids PN-H2, PN-H4, PN-H6, PN-H26, PN-H39, PN-2(ϩ), and DIC-0 (DIC-RЈ) have been constructed previously (Nagy and Bujarski, 1993 . M-MLV reverse transcriptase was from Gibco BRL (Gaithersburg, MD); Taq DNA polymerase, restriction enzymes, and T7 RNA polymerase were from Promega Corp. (Madison, WI); and a Sequenase kit was from US Biochemical Corp. (Cleveland, OH) .
The following oligonucleotide primers were used in this study (the unique EcoRI and BamHI sites are underlined and alternative bases are shown in brackets): 1, 5Ј-CAGTGAATTCTGGTCTCTTTTAGAGATTTACAG-3Ј; 2, 5Ј-CTGAAGCAGTGCCTGCTAAGGCGGTC-3Ј; 3, 5Ј-AGAAGGTCGACGATTACGCTACC-3Ј; 10, 5Ј-CAGTG-GATCC GTCTGCCTGACCAGG-3Ј; 115, 5Ј-CAGTGGATC-
Engineering of plasmid constructs
Plasmids of DIC-and N2-series are derivatives of pB2TP5, while plasmids of PN series (described below; also see Fig. 1 ) are derivatives of pB3TP7. To obtain DIC-H4, DIC-H6, DIC-H26, and DIC-H39, a HindIII/BamHI fragment from PN-H4, PN-H6, PN-H26, PN-H39, respectively, was ligated into DIC-0 that had been treated with the same enzymes prior to ligation. N2-H4, N2-H6, N2-H26, and N2-H39 constructs were obtained by replacing the BamHI/EcoRI fragment of DIC-H4, DIC-H6, DIC-H26, and DIC-H39, respectively, with the BamHI/EcoRI fragment of N2ϩAU1 .
Plasmid PN-DX and PN-DS were obtained by transferring, respectively, the DraI/XhoI and DraI/SstI fragments (blunted with T4 DNA polymerase) of pB1TP3 into PN-0 (Nagy and Bujarski, 1993 ) that had been treated with SpeI and T4 DNA polymerase. Plasmid PN-DX⌬ was obtained by partial digestion of PN-DX with SstI, blunting the ends with T4 DNA polymerase, followed by religation of the ends. PN-SSa and PN-SS were constructed by transferring, respectively, the SalI/StuI and StuI/Sau3A fragments (blunted with T4 DNA polymerase) of pB2TP5 into PN-0 (Nagy and Bujarski, 1993 ) that had been treated with SpeI and T4 DNA polymerase. To obtain plasmid PN-h2, a ϳ130-bp fragment was amplified from pB2TP5 by PCR with primers 3 and 10. The resulting PCR product was digested with AluI/BamHI and then ligated between EcoRV/BamHI sites in PN-H149, which contained a unique EcoRV site corresponding to position 238 (from the 3Ј end in pB3TP7) and the standard BamHI/ EcoRI region of PN-H65 .
A pool of recombinant RNA2/RNA3 cDNAs was obtained by a multistep approach. First, part of the 3Ј end of DIC-H26 was PCR-amplified with primers 3 and 115. Second, the PCR products were digested with BamHI/HindIII and ligated into the similarly treated PN-D . This was followed by transformation of DH5␣ cells. No clonal selection was applied prior to plasmid preparation. The entire PCR-amplified regions in all the above constructs were sequenced to confirm the mutations introduced.
Inoculation of plants, RT-PCR amplifications, cloning and sequencing
Leaves of Chenopodium quinoa were inoculated with a mixture of the transcribed BMV RNA components, as described by Bujarski (1995, 1997) . Briefly, a mixture of ϳ4 g of each transcript was used to inoculate one fully expanded leaf. A total of six leaves were inoculated for each RNA3 mutant. Each experiment was repeated at least once.
Total RNA was isolated from separate local lesions and used for RT-PCR amplification, exactly as described previously Bujarski 1995, 1997) . The 3Ј end sequence of the progeny RNA3 was amplified by using primers 1 and 2 (Fig. 1) , and the size of the cDNA products was estimated by electrophoresis in 1.5% agarose gels. The cDNA fragments were digested with EcoRI/XbaI restriction enzymes and ligated between these sites into the pGEM3 zf(Ϫ) cloning vector (Promega). Sites of crossovers were localized by sequencing with Sequenase according to the manufacturer's specification (US Biochemicals). Only a single RT-PCR clone from a given local lesion sample was sequenced to avoid possible sibling clones Bujarski 1995, 1997) .
The 3Ј regions of parental RNA2 constructs were amplified as cDNA by RT-PCR using primers 1 and 3 and total RNA preparations extracted from separate local lesions on C. quinoa 14 days after inoculation. Thereafter the amplified cDNA was digested with SalI/EcoRI followed by ligation into the corresponding sites of pGEM3 zf(Ϫ). Sequencing of the 3Ј noncoding region was used to confirm the stability of the introduced mutations in RNA2 Bujarski, 1996, 1997) The possibility that the recombinant RNA3s represent RT-PCR artifacts was excluded by detection of the similar sized (shorter than parental-sized) de novo homologous recombinants by Northern blotting of total RNA extracts from local lesions, as described above. Also RT-PCR control amplifications of the RNAs present in the inoculum detected only parental-sized, but not the recombinant-sized, RNA3s (data not shown and Bujarski, 1995, 1996) .
